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Twist morphingAbstract Twist morphing (TM) is a practical control technique in micro air vehicle (MAV) ﬂight.
However, TM wing has a lower aerodynamic efﬁciency (CL/CD) compared to membrane and rigid
wing. This is due to massive drag penalty created on TM wing, which had overwhelmed the succes-
sive increase in its lift generation. Therefore, further CL/CDmax optimization on TM wing is needed
to obtain the optimal condition for the morphing wing conﬁguration. In this paper, two-way ﬂuid–
structure interaction (FSI) simulation and wind tunnel testing method are used to solve and study
the basic wing aerodynamic performance over (non-optimal) TM, membrane and rigid wings. Then,
a multiﬁdelity data metamodel based design optimization (MBDO) process is adopted based on the
Ansys-DesignXplorer frameworks. In the adaptive MBDO process, Kriging metamodel is used to
construct the ﬁnal multiﬁdelity CL/CD responses by utilizing 23 multi-ﬁdelity sample points from
the FSI simulation and experimental data. The optimization results show that the optimal TM wing
conﬁguration is able to produce better CL/CDmax magnitude by at least 2% than the non-optimal
TM wings. The ﬂow structure formation reveals that low TV strength on the optimal TM wing
induces low CD generation which in turn improves its overall CL/CDmax performance.
ª 2014 Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA.1. Introduction
A micro air vehicle (MAV) is described as a small-scale aircraft
(maximum wingspan of 15 cm) for future tactical intelligence
and surveillance in conﬁned space areas. In early works on
MAV, aerodynamic capabilities and ﬂight stability have been
established in rigid-wing MAV types. However, the low
aspect-ratio conﬁguration of this MAV wing type causes large
wing tip vortex swirling,1 difﬁcult ﬂight controllability,2 and
Fig. 1 FSI simulation process.
476 N.I. Ismail et al.small center of gravity range.3 Therefore, an MAV evolution is
resumed and introduced through biological MAV design
application, such as passive wing (also known as membrane
wing design)4,5 and active wing designs (also known as morp-
hing wing design).6
The morphing wing design has been recently highlighted7
for its advanced ﬂying method in future aircraft development.
Morphing is deﬁned as a technique where the wing has certain
capabilities to change its shape during ﬂight.8 This method is
materialized through wingspan alteration, chord length
changes, swept angle variation, or spanwise or chordwise wing
bending.9 Twist morphing (TM) is a prevalent morphing
method that has been used as a practical control technique
in ﬂight dynamics.6 A TM wing demands a ﬂexible wing struc-
ture and high morphing forces to overcome the structural stiff-
ness of the wing.10 Moreover, performing the TM technique on
an MAV-sized wing is a very challenging design task given its
wing size,5 power resources limitation,11 and morphing mech-
anism complexity.12 Consequently, the overall aerodynamic
performance for a TM MAV wing design is not fully under-
stood and further studies on its optimal aerodynamic design
are still needed.13,14
The previous morphing MAV wing study had already
showed that TM wing has a lower aerodynamic efﬁciency
(CL/CD) compared to membrane and rigid wing.
15 This is pos-
sibly due to massive drag penalty created on membrane wing
MAV, which had overwhelmed the successive increase in its lift
generation. Thus, present research is carried out to optimize
the CL/CDmax magnitude on TM wing. To perform the optimi-
zation works, a basic understanding on the overall wing aero-
dynamic efﬁciency (CL/CD) performances is initially required.
Hence, in the initial TM wing study, a variation of TM wing
performances is presented and validated through wind tunnel
testing data. Based on the available TM wings data, a multiﬁ-
delity metamodel-based design optimization (MBDO) method
is performed on the TM wing conﬁguration.
The adaptive MBDO strategy coupled with the Kriging
metamodel algorithm is adopted here to ﬁt all the CL/CD
response. To increase the CL/CD response ﬁdelity, a set of
high-ﬁdelity CL/CD data obtained from experimental works
is used to update the global CL/CD response with local trend
correction. A multiﬁdelity CL/CD response is produced as the
ﬁnal response and preceded for goal driven optimization
(GDO) works. The basic principle behind current multiﬁdelity
data MBDO work is almost identical to the previous works
suggested by the reference.16Fig. 2 Wing conﬁgurations as viewed from bottom angle.2. Fluid–structure interaction computation method
In the present research, ﬂuid–structure interaction (FSI)
method is used to study quasi-static morphing MAV wing per-
formance. To solve the turbulent ﬂow issue, 3D Reynolds-
averaged Navier–Stokes (RANS) equations coupled with shear
stress transport (SST) k-x turbulent equation are employed
under the assumption of a steady, incompressible, and turbu-
lent airﬂow ﬁeld. The FSI coupling technique also includes sta-
tic-based structural wing deformation. All boundary setup
conditions in the simulation study are conﬁgured to imitate
actual wind tunnel testing. A strong coupled FSI simulation
process15 is summarized in Fig. 1.2.1. MAV wing model
In the present research, TM, membrane and rigid MAV wings
are modeled based on the actual MAV wings development.
Summary of the basic design dimension and conﬁguration
for all wing types is given in Table 1. As shown in Fig. 2, all
wing conﬁgurations used in this study are almost identical in
terms of platform shape and dimension. The wings differ in
morphing force and ﬂexible membrane skin components.
All of the three TM wings have baseline membrane wing
characteristics with additional morphing force component at
the wing underneath. The force component is located at an
optimized position on the wingtip (90 mm from the leading
edge and parallel to the wing spanwise axis). The morphing
force F is discretely enforced at 1, 3, and 5 N, and directed
at 45 from the xOz plane. Technically, the objective function
of this morphing force component is to produce variation in
the wingtip y-direction displacement magnitude and create dis-
tinction in the overall geometric twist performance on TM
wing. The physical structure and basic kinematic principle of
a TM wing mechanism are shown in Fig. 3.
The thickness (including the membrane skins) for all wing
models is set at 1.0 mm. The following coordinate system is
adopted: x is chordwise direction, z is spanwise direction,
Table 1 Basic design dimension and conﬁguration for all MAV wing types.
Parameter TM 1 N wing TM 3 N wing TM 5 N wing Membrane wing Rigid wing
Wingspan, b (mm) 150 150 150 150 150
Root chord, c (mm) 150 150 150 150 150
Aspect ratio, A 1.25 1.25 1.25 1.25 1.25
Maximum camber at the root (at x/c= 0.3) 6.7% of c 6.7% of c 6.7% of c 6.7% of c 6.7% of c
Maximum reﬂex at the root (at x/c= 0.86) 1.4% of c 1.4% of c 1.4% of c 1.4% of c 1.4% of c
Built-in geometric twist () 0.6 0.6 0.6 0.6 0.6
Geometric twist magnitude during morphing
actuation ()
3.15 8.6 13.1 0.6 0.6
Morphing force magnitude Included, F= 1 N Included, F= 3 N Included, F= 5 N Excluded Excluded
Membrane skin component Included Included Included Included Excluded
Table 2 Material properties of Perspex and rubber.
Material name Density
(kg/m3)
Elastic modulus
(Pa)
Poisson’s
ratio
Bulk modulus
(Pa)
Shear modulus
(Pa)
Tensile yield strength
(Pa)
Perspex
(polymethyl methacrylate)
1190 2.8 · 109 0.46 1.667 · 1010 9.589 · 108 70
Rubber 1000 8.642 · 106 0.49 1.44 · 108 2.9 · 106 1.3787 · 107
Fig. 3 Physical structure and basic kinematic principle of a TM wing mechanism.
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leading edge.
2.2. Material selection and mesh generation for static structural
analysis
Polymethyl methacrylate (also known as Perspex) and rubber
are utilized for the wing skeleton and membrane skin of the
wings, respectively. Isotropic, homogeneous, and linearly elas-
tic characteristics are assumed for all materials considered. The
material properties of Perspex and rubber are listed in Table 2.
Instead of a hyperelasticity material model, a linear elastic
model is used for the rubber material for simpliﬁcation.15
Unstructured tetrahedral mesh with ANSYS SOLID 187 3D
element type is created for all wing models. Results of the grid
independent study on an optimized grid around 116000 ele-
ments for static structural analysis are shown in Fig. 4.
2.3. Flow domains and mesh generation
The computational ﬂow domain (CFD) is built around an
MAV wing, in which the symmetrical condition is manipulatedby modeling only half of the computational domain. As shown
in Fig. 5, the 3D boundary of the CFD is dimensioned in the
root chord unit, and placed remotely from the MAV surface to
ensure that no signiﬁcant effect is applied on aerodynamics.
An initial model with 200000 unstructured elements is created
and used to solve the airﬂow ﬁeld issue. Grid-independent test
results show that the optimized grid is achieved at 1000000 ele-
ments as depicted in Fig. 6. The growing prism inﬂation layer
option is implemented on ﬂuid–solid boundaries with the ﬁrst
cell above the wall set at y+ 6 1.
The inlet and outlet are marked by ﬂow vectors (see Fig. 5).
The magnitudes of velocity are discretely set at 9.5 (Reynolds
number Re  100000 at chord), 7.0 (Re  70000 at chord), and
5.0 m/s (Re  50000 at chord). Inlet velocity is speciﬁed at the
inlet, and zero pressure boundary condition is enforced at the
outlet. The angle of attack (AOA) of the wing varies from
10 to 35. Symmetrical and side walls are assigned as sym-
metrical and slip surface boundary conditions, respectively.
The wing surface is modeled as a no-slip boundary surface
and assigned as the boundary interaction for FSI investigation.
Automatic wall function is fully employed to solve the ﬂow vis-
cous effect.
Fig. 4 Elements for static structural analysis of a TM wing.
Fig. 5 Computational ﬂow domain.
Fig. 6 Elements for CFD analysis.
Fig. 7 Complete actual morphing wing model.
Fig. 8 TM wing setup in wind tunnel test section.
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Experimental procedure in this study is mainly developed for
straightforward comparative study and validation.
3.1. Model preparation
Preparation of the MAV wing skeleton is mostly conducted
through vacuum forming process. The membrane wing skin is
attached to the bottom of the morphing and membrane wings
by using silicon adhesive. Attachment is performedwithout con-
sidering any membrane pre-stretched condition. High attention
is given during membrane attachment to minimize signiﬁcant
membrane wrinkling. Excess membrane skin and adhesive are
trimmed. The complete actual morphing wing model is shown
in Fig. 7.
3.2. Wind tunnel setup
All experimental tests in this study are run in an open loop
wind tunnel located at the Aerodynamic Laboratory, Schoolof Mechanical Engineering, Universiti Sains Malaysia. The
wind tunnel test section is 300 mm in width, 300 mm in height,
and 600 mm in length. Wind tunnel fans are driven by two
3 kW electric motors. Airﬂow turbulence intensity in the test
section is 2.4%. The wind tunnel test equipment includes a
Deltalab strain gauge sensor (balancing unit), Kyowa data
acquisition system (DAQ-type of PCD 300A model), and a
personal computer. Measurements are based on the displace-
ment of a rigid parallelogram technique, composed of four
beams subjected to bending or torsional loads. AOA measure-
ment is taken from 10 to 30 with intervals of 5.
Morphing wing actuation is simpliﬁed in this experimental
work. The quasi-static morphing actuation for TM wing is set
up by using strings and force meter. String tension is ﬁxed by a
fastener at the desired total morphing force magnitude (1, 3,
and 5 N) before the wing is positioned in the test section.
The force angle is ﬁxed at 45 similar to the simulation setup.
The test section setup for TM wing is illustrated in Fig. 8.
4. Metamodel based design optimization (MBDO) process
In the present study, the multiﬁdelity data MBDO process is
conducted based on the Ansys-DesignXplorer frameworks.
In these frameworks, the multiﬁdelity data MBDO is executed
based on to the following steps:
Step 1. Determination of optimization objective.
Step 2. Generation of design of experiments (DOE)
samples.
Table 4 Optimal space ﬁlling DOE.
No. Fy (N) Fz (N) AOA () U (m/s) CL/CD
1 2.12 0.99 7.6 7.0 2.42
2 0.88 1.10 6.8 7.5 5.73
3 2.24 3.14 24.4 6.2 1.72
4 2.01 0.76 14.8 6.4 3.28
5 3.14 2.35 3.6 9.2 4.96
6 1.90 2.12 9.2 8.9 0.66
7 1.44 1.22 27.6 8.3 1.61
8 0.99 2.80 13.2 5.8 4.06
9 0.76 2.58 2.0 8.5 5.72
10 2.58 1.90 29.2 7.4 1.39
11 3.03 2.24 2.8 5.3 5.74
12 1.56 1.44 8.4 9.5 4.91
13 1.67 2.92 4.4 6.6 4.25
14 1.10 2.69 26.0 8.1 1.75
15 2.69 0.88 11.6 9.0 3.44
16 3.48 1.33 18.0 6.8 2.10
17 1.33 1.78 1.2 5.5 4.92
18 1.22 1.67 22.8 5.7 2.17
19 2.92 3.37 5.2 6.0 4.72
20 3.26 1.56 0.4 7.2 5.38
21 3.37 3.03 19.6 7.7 1.87
22 2.46 2.01 16.4 5.1 2.82
23 2.35 2.46 21.2 9.4 1.85
24 2.80 3.26 6.0 7.9 5.11
25 1.78 3.48 10.0 8.7 4.23
Table 5 23 multi-ﬁdelity samples.
No. Fidelity type Fy (N) Fz (N) AOA () U (m/s) CL/CD
1 FSI (low) 3.54 3.54 10.0 5.0 3.55
2 FSI (low) 0.71 0.71 10.0 9.5 1.54
3 FSI (low) 0.71 3.54 30.0 9.5 1.51
4 FSI (low) 0.71 3.54 10.0 9.5 1.36
5 FSI (low) 0.71 3.54 30.0 5.0 1.57
6 FSI (low) 3.54 3.54 30.0 5.0 1.26
7 FSI (low) 3.54 0.71 24.4 9.5 1.52
8 FSI (low) 0.71 2.20 10.0 5.0 1.12
9 FSI (low) 3.54 3.54 0.2 9.5 5.34
10 FSI (low) 0.71 0.71 30.0 5.0 1.60
11 FSI (low) 0.71 0.71 18.2 9.5 3.08
12 FSI (low) 3.54 0.71 8.2 5.0 3.80
13 FSI (low) 3.54 0.71 10.0 9.5 2.72
14 FSI (low) 0.71 3.54 19.0 5.0 3.07
15 Exp. (high) 0.71 0.71 20.0 5.0 2.78
16 Exp. (high) 0.71 0.71 20.0 7.0 2.51
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Step 4. Optimization of CL/CDmax based on GDO
frameworks.
4.1. Optimization objective
The objective function of MBDO is to optimize the maxi-
mum aerodynamic efﬁciency (CL/CDmax) for TM wing
conﬁguration. Input parameters are the total morphing force F,
airﬂow ﬁeld velocity U, and AOA. The general mathematical
model for CL/CDmax is expressed as follows:
CL=CDmax
s:t:
10 < AOA < 30
5 m=s < U < 9:5 m=s
1 N < F < 5 N
8><
>:
ð1Þ
The total F has to be divided into two components, namely,
forces in the z and y directions, to adapt to constraints in
ANSYS input data. The negative symbol of force indicates
the force direction toward the inner wing Fz and the wing
underneath Fy.
4.2. DOE
Optimization begins with the design space deﬁnition in the
DOE module. At this stage, the upper and lower bounds of
the design input are speciﬁed and deﬁned as continuous
parameters. The upper and lower bounds of F in the z and
y directions, U, and AOA are listed in Table 3. Optimal
space ﬁlling (OSF) DOE is utilized here to generate about 25
design sample points. OSF DOE is chosen due to its efﬁciency
in satisfying the design space with a minimum number of sam-
ple points at low inconsistency.17 The 25 sample points from
OSF DOE are listed in Table 4.
4.3. Development of multiﬁdelity CL/CD response
All CL/CD responses developed at this stage are ﬁtted based on
Kriging surrogate model. Kriging mathematical model18 is an
interpolation-based method that produces more reliable
responses19 and is very efﬁcient for aerodynamic studies.16,20
The 25 DOE sample points are utilized to construct the initial
global CL/CD responses. Then, another 23 multi-ﬁdelity sam-
ple points are used to update or inﬁll16 the initial global
CL/CD responses. The 23 multi-ﬁdelity sample points include
14 samples from the FSI simulation (low ﬁdelity data) and 9
samples from the experimental data (high ﬁdelity data). The
23 multi-ﬁdelity sample points are listed in Table 5, in the
table, ‘‘Exp.’’ means experiment value. The updating strategy
for the initial Kriging response surface model (RSM) is dividedTable 3 Upper and lower bounds of design input.
Bound Fy (N) Fz (N) AOA () U (m/s)
Upper 0.71 0.71 30.0 9.5
Lower 3.54 3.54 10.0 5.0into two main stages. The ﬁrst stage involves the Expected
Improvement method,18 whereby 14 FSI samples are adap-
tively inserted into the initial global CL/CD responses.
Expected Improvement method is an iterative process where
the sample points are individually inserted into the initial
global CL/CD responses until the convergence criteria are
achieved (maximum speciﬁed relative error below 5%).18 The17 Exp. (high) 0.71 0.71 20.0 9.5 2.53
18 Exp. (high) 2.12 2.12 20.0 5.0 1.88
19 Exp. (high) 2.12 2.12 20.0 7.0 1.78
20 Exp. (high) 2.12 2.12 20.0 9.5 1.67
21 Exp. (high) 3.54 3.54 15.0 5.0 2.22
22 Exp. (high) 3.54 3.54 15.0 7.0 2.14
23 Exp. (high) 3.54 3.54 20.0 9.5 1.54
Fig. 9 Summary of current multiﬁdelity data MBDO process.
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response updating stage. The multiﬁdelity CL/CD inﬁll
response involves the manual sampling approach that offers
in Ansys-Kriging reﬁnement option. It is a straightforward
Kriging reﬁnement process where the nine high ﬁdelity CL/CD
samples are treated as part of design points (DOE points) and
used to inﬁll the global CL/CD response.
4.4. Optimization of based on Ansys-Goal driven optimization
(GDO) frameworks
The optimization process for current multiﬁdelity data MBDO
is executed based on in the Ansys-GDO frameworks. Ansys-
GDO is an optimization module available in Ansys-DesignX-
plorer, which allows user to determine the inﬂuence of each
input variables to achieve certain optimization objective out-
come. As the ﬁnal responses construction is completed, the
nonlinear programming by quadratic Lagrangian (NLPQL)
algorithm is employed to search the design space and propose
the design point with highest target. The optimization outcome
must correspond to both the input limits (F, AOA, and U) and
output objective (CL/CD). In this NLPQL algorithm, the Kar-
ush–Kuhn–Tucker optimality criterion is applied, and the
allowable convergence percentage tolerance is set at 1.0106.
The maximum iteration number for NLPQL computation is
set at 500. Once the optimal design point is discovered, the ver-
iﬁcation process through FSI simulation is executed to validate
design accuracy. If the error between the GDO and FSI com-
putation results is acceptable (below 10% error), the optimiza-
tion process is considered to be successfully completed.
Otherwise, the FSI result is resubmitted into the DOE for
sequential improvement step. The summary of current multiﬁ-
delity data MBDO process ﬂow is illustrated in Fig. 9.
5. Results
5.1. Aerodynamic performance of TM wings
Fig. 10 presents the CL performances for all wing based on the
simulation and experimental method at U= 5.0 m/s, 7.0 m/sand 9.5 m/s. The results also present the CL validation between
the simulation and experimental method. Concisely, it shows
that the simulation had slightly under-predicted the CL distri-
bution in every wing case. Based on the mean discrepancy
taken from each AOA region, the overall discrepancy between
the actual CL and predicted CL is approximately 7%. In gen-
eral, the (actual and predicted) CL results show that each wing
had produced almost consistent CL curve throughout U and
AOA changes. Based on CL curve analysis, the result clearly
showed that TM 5 N wing had produced the highest CL distri-
bution in every U case. TM 5 N wing managed to generate
about two times higher mean CL magnitude than membrane
wing. This is followed by TM 3 N and TM 1 N wings which
respectively produced about 60% to 20% higher CLmagnitude
than membrane wing. In most of AOA cases, the membrane
and rigid wing had performed almost similar CL magnitude.
However, at certain AOA cases, the membrane wing is able
to produce about 2% higher CL magnitudes than rigid wing.
Based on these CL results, one can conclude that the CL mag-
nitude on TM wings is highly inﬂuenced by the morphing force
intensity. TM wing with higher morphing force conﬁguration
induces higher CL magnitude on TM wings particularly at
pre-stall incidence angle.
Fig. 11 presents the CD performances for all wing based on
the simulation and experimental method at U= 5.0 m/s,
7.0 m/s and 9.5 m/s. The results also present the CD validation
work between the simulation and experimental method. In
general, the simulation works had slightly under-predicted
the CD magnitude. Analytical analysis reveals that the mean
difference of CD magnitude between the experimental and sim-
ulation results is approximately 10%. Comparative analysis on
CD magnitudes shows that TM 5 N wing had produced the
highest CD magnitude in every U case. TM 5 N wing produced
averagely 150% higher CD magnitude than the membrane
wing. This is followed by TM 3 N and TM 1 N wings which,
respectively produced about 70% (TM 3 N) and 17% (TM
1 N) higher CD magnitude than the membrane wing. In most
AOA cases, the baseline (membrane and rigid) wings had per-
formed almost similar CD magnitude. Based on these CD
results, one can conclude that the CD magnitude on TM wings
is highly inﬂuenced by the morphing force intensity. TM wing
with higher morphing force conﬁguration induces higher CD
magnitude.
The investigation of the aerodynamic performance for the
TM wings conﬁguration continued on the CL/CD study.
Fig. 12 presents the CL/CD performances for all wing based
on the simulation and experimental method at U= 5.0 m/s,
7.0 m/s and 9.5 m/s. Analysis on CL/CDmax characteristics
shows that the rigid wing had surprisingly produced the high-
est mean CL/CDmax magnitude at 6.15. The mean CL/CDmax for
membrane and TM 1 N is recorded at 5.94 and 5.92. Mean-
while, TM 5 N and TM 1 N wing produced almost similar
CL/CDmax magnitude at 5.91. However, TM 3 N had produced
the lowest mean CL/CDmax at 5.73. Based on CL/CDmax results,
it clearly shows that the baseline wings had produced better
CL/CDmax than the TM wings. This situation is most probably
due to high CD intensity found in every TM wing perfor-
mances as shown in Fig. 11. Previous vortices study showed
that the trailing and wing-tip vortices formations over low
aspect-ratio wing had lead to translational and rotational
induced drag forces, which thus increased the induced drag
forces and directly decreased the CL/CD performance.
21 Hence,
Fig. 10 FSI simulation and experimental results of CL distribution for all wing conﬁgurations.
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magnitude on TM wing.
5.2. Optimization results
5.2.1. Local sensitivity
The local sensitivity analysis for the CL/CD output is depicted
in Fig. 13. Each bar represents the sensitivity intensity of each
input (F, AOA, and U) toward the variability of CL/CD out-
put. Based on this result, it apparently shows that AOA input
has the highest inﬂuenced intensity on the CL/CD responses.
AOA input has dimensionless local sensitivity magnitude at
1.5 to 1.6. The Fy variable emerged as the second highest sen-
sitivity input variable at 0.4–0.5. However, other input vari-
ables (U and Fz) possessed a minimal inﬂuence on theoverall CL/CD responses with local sensitivity magnitude
below 0.1.
5.2.2. Final CL/CD responses
The ﬁnal CL/CD responses based on Kriging surrogate model
are shown in the Fig. 14. The results present four different
3D response charts as functions of Fy, Fz, U, and AOA. In
Fig. 14(a–c), it shows that CL/CD responses have a strong func-
tion of AOA. The CL/CD peaks up when the AOA increases
from 0 to 10 but falls when the AOA increases further. Fy
has a stronger inﬂuence than Fz or U toward the CL/CD
responses. This condition is shown in Fig. 14(d) where the Fy
proportionately inﬂuenced the CL/CD responses. Meanwhile
Fz and U variables exhibited minimal impact on the overall
CL/CD responses.
Fig. 11 FSI simulation and experimental results of CD distribution for all wing conﬁgurations.
482 N.I. Ismail et al.5.2.3. GDO results
Based on feasible CL/CDmax design points, the probabilistic
analysis in Ansys-GDO algorithm suggested three optimal
CL/CDmax design candidates. The optimal CL/CDmax design
candidates were identiﬁed as Capitalizations A, B and C, as
shown in Table 6. To verify the optimal point accuracy, each
optimal design point was compared with the FSI computa-
tional result labeled as Veriﬁcations A, B and C (listed in
Table 6). Based on discrepancy error, the difference between
the suggested optimal design and FSI veriﬁcation points are
approximately below 2%. This error discrepancy magnitude
is well within the acceptable optimization error range
(<10%). Hence, no further sequential improvement steps
are needed for the multiﬁdelity CL/CD MBDO process andthe suggested design candidates are acceptable as ﬁnal optimi-
zation results.
Based on the feasible three optimal TM wing conﬁgura-
tions, the Candidate A conﬁguration was chosen as current
optimal TM wing conﬁguration. This is because Candidate
A offered the highest CL/CDmax magnitudes (CL/CDmax =
6.05) among the design candidates. In fact, the magnitude of
morphing force for Candidate A conﬁguration is between
80% and 10% less than the force needed in Candidates B
and C. The morphing force magnitude for Candidate A is
equivalent to
F ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
F2y þ F2z
q
¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ð0:79327Þ2 þ ð2:1716Þ2
q
¼ 2:31 N ð2Þ
Fig. 12 CL/CD performances for all wing based on simulation and experimental method.
Fig. 13 Local sensitivity for CL/CD output.
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TM wing (Candidate A), a detail study is conducted on the
CL/CDmax characteristics (CL/CDmax, CL and CD magnitude)between the optimal TM and non-optimal TM wing conﬁgura-
tions. To ensure the comparison validity, CL and CD magni-
tude on non-optimal wings are also taken at U= 9.42 m/s.
The comparison of CL/CDmax characteristics for each TM wing
is summarized in Table 7. The results show that the optimal
TM wing conﬁguration able to produce better CL/CDmax mag-
nitude by at least 2% than the non-optimal TM wings. Hence,
based on this result, the optimization objective to improve the
CL/CDmax magnitude on TM wings conﬁguration is achieved.
Based on the details of CL and CD performance (see
Table 7), the results show that the CL/CDmax advantage pro-
duced on the optimal TM wing possibly had contributed by
its lower CL performance. The optimal TM wing had produced
lower CD magnitude by at least 4% than the non-optimal TM
wings. In spite of the discrepancy in CD performance, each TM
wings had performed almost consistent CL performance
(except for TM 5 N wings). However, TM 1 N wing showed
a slight advantage in CL magnitude compared to other TM
Fig. 14 Final CL/CD responses.
Table 6 Optimal design candidates and veriﬁcation points.
Design candidate Fy (N) Fz (N) AOA () U (m/s) CL/CD
Candidate A 0.79327 2.1716 4.6786 9.4154 6.0576
Veriﬁcation A 6.0747
Candidate B 0.97687 2.3583 4.386 6.7515 5.9945
Veriﬁcation B 5.9335
Candidate C 2.8225 3.102 2.365 7.1119 5.8685
Veriﬁcation C 5.8544
Table 7 CL/CDmax performances for optimal and non-optimal MAV wing.
Parameter Optimal TM wing Non-optimal
TM 5 N wing TM 3 N wing TM 1 N wing
CL/CDmax 6.0500 5.9002 5.8094 5.9206
CL 0.42217 0.25483 0.42229 0.47004
CD 0.06978 0.04319 0.07269 0.07939
AOA () 4.69 4.00 2.00 4.00
F (N) 2.31 5.00 3.00 1.00
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mances induced on TM 5 N wing is most likely due to its low
AOA (4) incidence.
5.2.4. Flow structures characteristics on optimal TM wing
Fig. 15 presents the vortex structure formations for the opti-
mal and non-optimal TM wings taken under each CL/CDmax
condition. The 3D vortex structures visualization are based
on the Q criterion magnitude as shown by:
Q ¼ 1
2
Xj j2  Rj j2
 
¼ 0:03 ð3Þ
where X= ‘‘the magnitude of vorticity’’ and R= ‘‘mean
strain rate’’.
In general, one can ﬁnd that each wing had produced clear
formations of leading edge vortices (LEVs) and tip vortices
(TVs) structure over the wing surfaces. The results show that
the LEVs structure for each wing had exhibited almost
consistent dominance attachment on each wing upper surface.
The LEV structure had attached at almost half of the wing
surface area combined with diminutive LEV–TV interactions
near the wing tips area. To elucidate the effect of LEV and
LEV–TV interactions, the analysis of low-pressure distribution
( Cp characteristics) on each wing surfaces is carried out
(as shown in Fig. 16). The results show that the  CpFig. 15 Vortex structure formations for optimal and non-o
Fig. 16 Low-pressure distribution on optimal and non-opcharacteristics for each TM wings are almost consistent. Only
TM 1 N wing had shown a slightly better Cpmin (minimum Cp
magnitude) distribution compared to the other TM wings. TM
1 N wing had induced Cpmin = 1.374, which is better than
the Cpmin magnitudes by about 33% found on optimal TM
wings. Improving the Cp characteristics (low-pressure distri-
bution) on the wing upper surface potentially enhanced the CL
generation over the wing.22–24 Thus, this result demonstrated
as the evident behind the enhancement of CL generations on
the TM 1 N wings underCL/CDmax condition.
The vortex structure formations results (see Fig. 15) show
that the TVs structure occurrences are also consistent on each
TM wing. However, the optimal TM wing had induced slightly
smaller TV structure formation compared to TM 3 N and TM
1 N wings. To elucidate the intensity of TV structures forma-
tions, the analysis on Cpcore characteristics (low-pressure coef-
ﬁcient within the TVs core region) is conducted. The details of
Cpcore are captured at three different planes which are posi-
tioned at 70 mm, 90 mm, and 120 mm measured from the wing
leading edge (as shown in Fig. 17). Each Cpcore contour is
clipped at minus Cp value (Cp= 0.3 to 3.0) to visualize
and elucidate the low-pressure core region (TV strength)
within the TVs structures. The intensity of Cpcore min is used
here to signify the overall TV strength on each TM wing.
Lower magnitude of Cpcore min indicates higher TV inﬂuenceptimal TM wings taken under each CL/CDmax condition.
timal TM wings taken under each CL/CDmax condition.
Fig. 17 Low-pressure coefﬁcient within the TVs core region (TV strength) for optimal and non-optimal TM wings taken under each CL/
CDmax condition.
486 N.I. Ismail et al.(strength).15 Based on this result, it shows that the optimal
TM wing had induced Cpcore min = 0.84, which is better than
the Cpcore intensity by about 32% found on TM 3 N and TM
1 N wings cases. TV strength (Cpcore characteristics) inﬂuenced
the CDinduce distribution and consequently contributed into the
overall CD generation.
23,25,26 Hence, one can presumes that the
low CD magnitude produced on the optimal TM wing is pos-
sibly due to its low Cpcore characteristics (TV strength). Low
TV strength induced lower CDinduce and its overall CD genera-
tion which in turn improved the CL/CDmax performance on the
optimal TM wing. In spite of high CL performance, TM 1 N
wing had suffered from high TV strength (Cpcore min = 1.11)
at C
L
/CDmax. High TV strength contributed to its high CD dis-
tribution (see Table 7) which consequently overwhelmed its
signiﬁcant CL distribution. As a result, the magnitude
CL/CDmax for TM 1 N wing is slightly lower than the optimal
TM wing performance.
6. Conclusions and future work
(1) TM wing has a lower aerodynamic efﬁciency (CL/CD)
compared to membrane and rigid wing. This is due to
massive drag penalty created on TM wing, which had
overwhelmed the successive increase in its lift genera-
tion. Therefore, further CL/CDmax optimization on TM
wing is needed to obtain the optimal condition for the
morphing wing conﬁguration.
(2) In this work, two-way FSI simulation and wind tunnel
testing are used to solve the aerodynamic problems over
TM, membrane and rigid wings. Most of the simulation
boundary conditions are applied to imitating physical
wind tunnel testing.
(3) To optimize the TM wing conﬁguration, a multiﬁdelity
data MBDO process is adopted in this work based on
the Ansys-DesignXplorer frameworks. In the adaptive
MBDO process, Kriging metamodel is used to construct
the ﬁnal CL/CD responses by utilizing 23 multi-ﬁdelity
sample points from the FSI simulation and experimental
data.
(4) The validation results show that the FSI simulation and
experimental results are consistent. Based on aerody-
namic results, one can ﬁnd that CL and CD magnitudes
on TM wings are highly inﬂuenced by the morphing
force intensity. TM wing with higher morphing force
conﬁguration induces higher CL and CD magnitudes.
Based on CL/CDmax results, it clearly shows that
CL/CDmax for the baseline wings is better than TMwings. This situation is most probably due to high CD
intensity found in every TM wing performance. This
might be contributed by trailing and wing-tip vortices
formations which had increased the induced drag com-
ponents and directly decreased the CL/CD performance.
(5) The GDO results show that the optimal TM wing con-
ﬁguration is able to produce better CL/CDmax magnitude
by at least 2% than the non-optimal TM wings. This
situation is possibly contributed by lower CD perfor-
mance induced on the optimal TM wing. The optimal
TM wing had produced lower CD magnitude by at least
4% than the non-optimal TM wings.
(6) Based on ﬂow structure formation analysis, it shows that
the low CD magnitude produced on the optimal TM
wing is possibly inﬂuenced by its low Cpcore characteris-
tics (TV strength). Low TV strength induced lower
CDinduce (and its overall CD generation) which in turn
improved the overall CL/CDmax performance on the
optimal TM wing.
(7) Future studies on the morphing wing can focus on
multi-objective optimization, morphing actuation
mechanism, and force generator design. Studies on the
association between the morphing structural deforma-
tion and its aerodynamic performance are also very
promising.
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